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Introduction
Interplanetary scintillation (IPS) is the rapid variation of a radio signal from a distant, compact radio source caused by density irregularities in the solar wind. IPS was first discovered by M. Clarke in 1964 and written up in the discovery paper by Hewish et al. (1964) . IPS has been used for coronal and heliospheric studies for over half a century. Observations of IPS can be used to estimate more directly measured solar wind bulk parameters such as the outflow velocity (e.g. , and references therein), flow direction (e.g., Bisi et al., 2005 ; Moran et al., 1998, and references therein) , and density fluctuations (e.g., Jackson et al., 1998; Kojima et al., 1998) . Figure 1 shows a summary diagram of the IPS phenomenon. Observations of IPS are sensitive to plasma flowing perpendicularly across the line of sight (LOS) as well as to the variation in density. The P-Point is defined as the closest point to the Sun of the LOS. The solar wind material around the P-Point produces the strongest contribution to the radio signal scintillation received, some weighting along the LOS is present over at least 3 AU of its length. Figure 1 shows the two types of techniques used to analyze IPS data sets to obtain velocities of the solar wind. The antennas A and B represent a multisite system, which observes the same radio source simultaneously, with end site; these systems are able to use the cross-correlation function (CCF) to obtain the solar wind velocity V AB by knowing the distance, d (e.g., Grall et al., 1996; Fallows et al., 2006 Fallows et al., , 2008 . Otherwise, a single-site analysis (SSA) can be used to analyze single-station data or data separately from each of the sites. In this case, the observed power spectrum, calculated from the received intensity time series, is modeled to obtain velocities V A and V B (e.g., Manoharan & Ananthakrishnan, 1990 ). Analysis of IPS data commonly assumes that the scattering giving rise to IPS is weak. This places a limit on how close to the Sun the analysis remains valid for a given observing frequency (Scott et al., 1983) . This assumption of weak scattering is valid for all observations used in this paper.
RESEARCH ARTICLE
The direct comparison of the two SSA and CCF methodologies in this paper makes use of the same radio telescopes and allows us to understand the compatibility of the two techniques. The CCF method takes the ability of to explain complex structures along the LOS (e.g., multiple streams in the LOS; Breen et al., 1997; ; off-radial flow; etc) . From the theory behind SSA fitting to the IPS power spectra, we can deduce fundamental plasma parameters such as solar wind axial ratio (AR), and their power law index, alpha ( ; e.g., Coles, 1996; Scott et al., 1983, and references therein) . The density irregularities giving rise to IPS are thought to be anisotropic in nature, usually assumed to be "cigar-shaped" with the long axis parallel to the interplanetary magnetic field. In the regular solar wind, near the Sun, this is usually parallel to the solar wind flow (approximately radial in direction from the Sun). Modeling of the spatial correlation function by Klinglesmith et al. (1996) and Klinglesmith (1997) relate a negative lobe seen in some IPS CCFs (e.g. Bisi, 2016a) to the rotation of the density irregularities such that their short axis is parallel to the solar wind flow, thus indicating rotation of the magnetic field relative to this flow. This has often been used as a signature that a coronal mass ejection (CME) is likely to be present crossing the LOS.
Crucially, for space weather applications, use of IPS has been shown capable of detecting stream interaction regions (SIRs) and CMEs, including those Earth-directed throughout the inner heliosphere (e.g., Bisi et al., , 2010c Breen et al., 2006; Jackson et al., 2007; 2015a , 2015b Jones et al., 2007; Manoharan et al., 2000 , and references therein), making it a technique with a proven potential for the prediction and to the study of Earth-directed events. In this work, the SSA was applied to structures that included CME and SIR, where the velocity values can be higher than ambient solar wind. The IPS community is pursuing a global consortium to share and combine observations for space weather purposes. The Worldwide IPS Stations Network will allow a network for continuous monitoring of solar wind structures in the inner heliosphere (e.g., Bisi et al., 2016) . Most IPS-capable systems dedicated to observations of IPS are single-site systems in that they are made up of a single telescope or array, while others are made up of multiple sites. Combining IPS data from a number of stations (single-site and multisite systems), located at different longitudes and operating at different frequencies, will allow a better temporal and spatial resolution of the reconstructions of solar wind streams.
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Section 2 describes the analysis tools used for analysing the IPS data throughout this paper, instrument properties, and the two techniques compared here are explained individually. Section 3 describes the observations and the SSA and CCF results for each case study, and the comparisons of each of the different IPS results shown. In section 4, the results and details of these investigations are discussed and section 5 holds the conclusions and some potential avenues of further work that could be explored.
Analysis Tools
We applied the SSA routines to the IPS data sets from European Incoherent SCATter (EISCAT) and Multi-Element Radio-Linked Interferometer Network (MERLIN) during this investigation. The model routines used needed to be adapted for each different data set. For those data, we performed additional smoothing to the spectra to reduce the number of data points in each power spectrum to around 30 averaged points for use with the SSA (Mejia-Ambriz et al., 2015) . In order to compare the two techniques, we also used the CCF characterization of the structures previously described.
CCF Analysis
Two multiple IPS-capable systems were used in this investigation. The parts of the EISCAT radar used for observations of IPS based across Northern Scandinavia (e.g., Bourgois et al., 1985) consist of the three fully steerable 32-m parabolic radio dishes on the mainland (Kiruna in Sweden, Tromsø in Norway, and Sodankylä in Finland); the steerable EISCAT Svalbard Radar telescope located on the Norwegian part of the northern archipelago of Svalbard (Wannberg et al., 1997) is not used here. In this paper, observations of IPS were taken with EISCAT centered around 931 MHz with a bandwidth of 8 MHz for all three mainland sites for the middle-to-late 1990s. For 2005, we used observations of IPS taken by the MERLIN telescopes (Thomasson, 1986 ; the Cambridge 32-m dish and both Jodrell Bank 76-m Mk1a Lovell telescope and MkII 38.1-m elliptical dish telescope) centered at 1,420 MHz with bandwidth of 10 MHz. The sampling rate in all cases for EISCAT and MERLIN observations was 100 Hz (10 ms). It should be noted that EISCAT and the EISCAT Svalbard Radar as well as MERLIN are not dedicated to observations of IPS and can only run such an experiment on a campaign-only basis.
The EISCAT and MERLIN data sets were analyzed following the methods described by Fallows et al. (2006) and Fallows et al. (2008) . Spikes due to interference are clipped in the recorded time series' to minimize, as much as is practicable, any data contamination due to RF interference and/or system noise. The autopower spectra are calculated for each time series from each station for each observed radio source, and a subsequent cross-power spectrum from the multiplication of one simultaneous autopower spectrum with the complex conjugate of the other is formed. This is provided if the baselines align well enough with the solar wind outflow (baselines are to within ±10 • of the assumed radial outflow; see Figure 1 in ; more details on this topic can also be found in Fallows et al., 2002; , and references therein). These power spectra were calculated using, in each case, 15 min of data (as observed and recorded by each EISCAT antenna). This was done using the sine multitaper method of Riedel and Sidorenko (1995) and then applied in the Fortran 90 correlation program with the pertinent library for Fortran 90 written by Prieto et al. (2009) . The cleaning of the time series and subsequent power spectra calculations were all accomplished with automated algorithms to set the low-and high-pass filters as well as the noise floor. As a result, some spectra and CCFs (where signal-to-noise [S/N] ratio is low) are poorly calculated. This is discussed later in the paper.
From variations in the shape of CCFs, we are able to take some a priori information about the type(s) of structure, or structures, crossing over the LOS. When baselines are sufficiently long enough between two different sites simultaneously observing the same radio source, there is a possibility to resolve more than one velocity/structure crossing the LOS. Bisi et al. (2007a) have measured up to three distinct velocity streams; this signature is observed as different peaks in the CCF. This is not something which can be gleaned easily from a single power spectrum alone. However, there are some small indications (which require a much deeper analyses) that certain features in a single-power spectrum can relate to the fundamental microscale features on the plasma flowing out from the Sun, which can be tied to the well-known features of a CCF (e.g., Bisi, 2016a; Bisi et al., 2007a; Coles, 1996; Jones et al., 2007; Klinglesmith et al., 1996 , and references therein). One example here is that typically the passage of a CME can be related to a negative-correlation lobe at (or near) zero time lag. For EISCAT observing at higher frequencies closer-in
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to the Sun, an AR value of less than unity has been observed and this can sometimes be reflected as a sudden leveling out, or a small drop in scintillation power at the lowest spectral frequencies when there is no ionospheric or system-noise interference. This has been demonstrated by theoretical modeling of the power spectrum (as used here for the SSA) by fixing all parameters while varying only the AR (e.g., Oberoi, 2000) .
SSA
To obtain the IPS frequency power spectrum (referred to throughout as power spectrum) from the observed amplitude scintillation (Stokes I) time series we performed a fast Fourier transform. This provides us with an individual power spectrum from each observed time series.
To calculate the velocity from a single-site system alone (where only a single observing frequency is used), it is necessary to fit a theoretical model to the power spectrum (e.g., Chang et al., 2016; Manoharan & Ananthakrishnan, 1990) . The generalized equation for the theoretical model of a single-station IPS power spectrum, P(f), is given by equation (1); this work is based on the adaptation of Mejia-Ambriz et al. (2015) for use with different instruments and with different observing frequencies.
Here, r e is the classical electron radius, z is the coordinate along the LOS and x is the radial direction of the solar wind, V x is the solar wind velocity perpendicular to the LOS, is the observing wavelength, q is the wave number,
is the visibility function assuming symmetrical-Gaussian brightness distribution of the source at radio frequencies, and q − R − is the turbulence contribution related to the electron-density fluctuations. Anisotropic plasma irregularities are modeled through changes in the wave number as given in equation 2:
Here, AR represents the geometry of the irregularities in the interplanetary medium. Using these equations, we fit each observed power spectrum with up to three of the remaining free parameters (V, , and AR) to ultimately determinate the single-site velocity of plasma outflow for each LOS observation.
To fit the theoretical power model to the observed power spectrum, we implemented a novel routine that uses the convergence method based on the Levenberg-Marquardt Algorithm (Markwardt, 2009 ). This method allows us to vary the free parameters in a permissible range of values to converge to a best fit. The free parameters and AR were limited to move around a reasonable range of values (Manoharan et al., 1994; Scott et al., 1983; Yamauchi et al., 1996) so that we could get the best fit to the curve as well as information of the turbulence and geometry of the structures passing over the LOS.
By analyzing the power spectrum of the time series of the IPS intensity fluctuations, we determined the level of scintillation, which is characterized by the scintillation index, m, and calculated using equation 3 (e.g., Manoharan, 1993) :
The m index is related to density changes in the solar wind, an increase in the level of scintillation of a radio source implies a positive increase in density, and a decrease of m implies a drop in density (e.g., Jackson et al., 1998; Manoharan, 2010) .
Observations
Observations of IPS used in this paper were carried out using EISCAT from the period 1996 to 1999 for the radio sources J0521+166 (3C138), J0319+415 (3C84), J1256-057 (3C279), J1229+020 (3C273), J0321+123,
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EISCAT Data Analyses
For the EISCAT spectra analysis we used the observations of the instruments: Sodankylä, Tromsø, and Kiruna, with an observing frequency of 931 MHz (wavelength of 0.322 m) and a bandwidth of 10 MHz. We analyzed a total of seven case studies, previously described by CCF analyses (e.g., . The the information used to fit each spectrum such as radio source, elongation angle ( ), date of observation, instrument/receiver, size of the radio source, and 2 . The bottom images show the CCFs, where the dotted lines are the observed autocorrelation functions and the solid line are the resulting CCF Fallows et al., 2006) , the tangential and radial baselines are shown along with the distance, latitude, limb of the radio source position, and the peak velocity. source was located on the sky) are given along with the SSA fitted/obtained parameters (velocity, , and AR), the S/N ratio of each spectrum, the CCF baseline used (EISCAT sites Tromsø-Trms, Sodankylä-Sdky, and Kiruna-Kirn), the main peak CCF velocity from the automated analysis used here and the structures described by the CCF analysis. We provide more description of each case study in the chronologic order of their observation in the following paragraphs.
The first case study is shown in Figure 2 , where the CCF and one of the spectra used in the CCF is fitted using the SSA. This observation is from 27 May 1996 taken with the Tromsø and Sodankylä EISCAT telescopes.
The power spectrum from Sodankylä shows two Fresnel knees, but the model is fitted automatically to the second observed knee. However, the CCF has two peaks where clearly two streams can be resolved (multiple peaks in the CCF; e.g., Bisi et al., 2007b) along with a signature of field rotation somewhere along the LOS that most likely signifies the presence of a CME as a negative lobe in the CCF near-zero time lag (e.g., Bisi, 2016b; Klinglesmith et al., 1996 , and references therein). Figure 3 shows the second case study. This observation is from 28 May 1996 with the data from the Tromsø and Sodankylä telescopes using radio source J0521+166. This CCF has a slightly stronger (deeper) negative-lobe feature compared with the observation in Figure 2 . In both cases, the SSA produces fitted velocities commensurate with those from the dominant peak in the CCF analysis.
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10.1029/2018SW002142 Figure 6 . Case study 5. The top image is that of the EISCAT Kiruna power spectrum of radio source J1229+020 starting at 10:07 UT on 03 November 1998 along with the fit, mean, and results of the fit (see the key in the top-right-hand corner). The bottom image is the CCF of the Kiruna and Tromsø power spectra along with their autocorrelation functions for the same observation and the results of that analysis. As can be seen, one of the autocorrelation functions is misshaped (has broad wings), and the CCF here is showing a small amount of asymmetry with a weak hint of a second stream somewhere along the LOS and is an example of some mild stream interaction.We note that at this time of year at EISCAT, the observation elevation angle is closer to the horizon, and thus, the signal-to-noise ratio for this source may be lower than normal. PS = interplanetary scintillation; CCF = cross-correlation function; EISCAT = European Incoherent SCATter. Figure 4 shows the CCF and one of the fitted spectra from J0319+415. This Case study 3 is from 28 May 1996 taken with the Sodankylä and Kiruna EISCAT telescopes. The Sodankylä power spectrum has a single, clear Fresnel knee (turnover point in the spectrum from flat to the density gradient; see, e.g., Bisi, 2016a, for details) and the CCF shows a clear and well-defined near-symmetrical peak resolved along with a small signature of field rotation somewhere along the LOS. Figure 5 shows a weak case study with a width problem of one of the autocorrelation functions, as stated in section 2, this is due to the automated low-high-pass filter in spectra calculations. We know that the S/N is lower in general at the Tromso site and this sometimes results in problems with the automatic finding of the low-and high-pass filters, and this can cause problems with both the autocorrelation and the CCF. This Case study 4, for J1256-057 radio source on 29 September 1997, shows a fit to the Kiruna spectrum which is nothing like that from the CCF velocity value. The S/N ratio has become too small, the instrumental noise at high frequencies does not allow a clear Fresnel knee in this spectrum, similar issues are presented in Sodankylä and Tromsø spectra. Figure 6 shows Case study 5, for J1229+020 on 3 September 1998, which is a weak case again with a similar width problem in CCF, the S/N ratio of the two spectra has become very Space Weather 10.1029/2018SW002142 Figure 8 . Case study 7. The top image is that of the EISCAT Sodankylä power spectrum of radio source J0321+123 starting at 09:15 UT on 7 May 1999 along with the fit, mean, and results of the fit (see the key in the top-right-hand corner). The bottom image is the CCF of the Tromsø and Sodankylä power spectra along with their autocorrelation functions for the same observation and the results of that analysis. As can be seen, one of the autocorrelation functions has broad wings (but less than the previous example in Figure 6 ); the CCF here is showing a small amount of asymmetry with a weak hint of a second stream somewhere along the line of sight and is another example of some mild stream interaction. However, the CCF provides little evidence of a again little weak for an observation of a stream interaction. Further details are given in the text. IPS = interplanetary scintillation; EISCAT = European Incoherent SCATter; CCF = cross-correlation function. low, the low spectral frequency noise in each case makes the Fresnel knee poorly defined, but a fit is still possible for the SSA by choosing a smaller spectral interval to fit (0.3 to 1.2 Hz); this way the velocity values are very similar in the comparison.
Case study 6 is shown in Figure 7 ; the observation is from 3 May 1999 taken from the Sodankylä and Kiruna EISCAT telescopes and the SSA model fit to the Sodankylä spectrum. The spectrum shows a well-defined
10.1029/2018SW002142 We obtained one SSA fit for each EISCAT instrument spectrum and observation: Sodankylä (Sdky), Kiruna (Kirn), and Tromsø (Trms). Dates are formatted as YYYYMMDD. EISCAT = European Incoherent SCATter; IPS = interplanetary scintillation; SSA = single-site analysis; S/N = signal-to-noise ratio; CCF = cross-correlation function; CME = coronal mass ejection; SIR = stream interaction region; AR = axial ratio. a Unreliable information due to spectrum noise in these regions of the fit.
10.1029/2018SW002142 Fresnel knee with a high S/N ratio. The CCF shows again the signature of a CME in the negative lobe of the CCF near-zero time lag. The SSA model fit gives a good approximation to the velocity obtained using the CCF analysis.
Finally, Figure 8 shows Case study 7, a case where at least one of the two spectra has a low S/N ratio. A fit is still just possible for the SSA, but some additional noise is contributing at higher frequencies from the Fresnel knee. This causes a larger error, and the velocity values determined are somewhat different from the CCF value. There is also an issue with one of the two autocorrelation functions. This observation is of radio source J0321+123 taken on 7 May 1999.
MERLIN Data Analyses
The analysis of the SSA spectra for the MERLIN data set was determined by fitting the model parameters of velocity, turbulence, and anisotropy. The velocities obtained with SSA and CCF analyses are shown in Figure 9 along with the plot of m index, , and AR.
The MERLIN data set analyses show a CME observed on 14 May 2005 (see . The observations were carried out using the MERLIN telescopes Jodrell Bank, Knockin, and Cambridge for the radio source J0319+415. We have 63 spectra on 14 May 2005 for 15-min intervals each (5-hr total). Due to the low S/N ratio in the Knockin spectra, we do not show these fits in our CCF analyses over the time interval presented.
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A CME erupted from the Sun associated with the active region 10759 on 13 May 2005 at 16:32 UT. In an analysis reported by and Breen et al. (2008) , the CME was observed crossing the LOS of J0319+415 after 14:10 UT and preliminary fast solar wind was observed before 14 May at the same heliographic latitude. The reported results in Breen et al. (2008) describe the passage of the CME between 14:10 and 18:00 UT, when the CCF shape changed abruptly, as we can also see in this study. A detailed study of this event can be found in . We can observe a region of high m-index values centered at 16:00 UT and followed by a pronounced drop at 17:00 UT. The velocity profiles temporal sequences show approximately the same variations with time for both the SSA and CCF results. The AR values reveal two peaks that match in both instruments and encloses the region of maximum m-index values. The behavior of the parameter is more difficult to understand; temporal changes can be seen in the results that match at 15-min intervals even though they differ from each other by a significant offset. The time series, specially AR, and m-index indicate that, specifically at 15:07 and 17:07 UT, two very important changes in the properties of the outflowing plasma occurred. This result is in good agreement with Breen et al. (2008) , who show the same significant changes in the CCF shapes.
Discussion
We present direct comparison of SSA and CCF analyses using observations of EISCAT and MERLIN data sets. The EISCAT data set analyses describes seven case studies of complex solar wind structures previously described with CCF analyses alone. The MERLIN data set analyses shows the 13 May 2005 CME event observed in the interplanetary medium on 14 May 2005.
The EISCAT case studies 1, 2, and 3 indicate that the dominant velocity peak in the CCF is from a CME, and the SSA velocity results given are very close to those of the CCF primary peak velocity results. Therefore, the case study 1, where the two Fresnel knees are present, is showing that the SSA is now automatically fitting to the knee of the CME in the spectrum. This is highly important for space weather purposes and for the automation of the SSA, now able to fit several free parameters, and seems to already be an improvement over the brief study by Mejia-Ambriz et al. (2015) . In addition, Moran et al. (1997) performed a similar analysis in which they fitted directly to two knees seen in a similar EISCAT spectrum and derived fast and slow speeds consistent with those seen in a CCF. These case studies in the interplanetary medium showed that SSA velocities agreed with the ones displayed by CCF analyses when the S/N ratio is high enough to show a well formed Fresnel knee; this provides a first criterion to use for good SSA fit reliability.
The Case study 4 gives an example where there is a poor determination of SSA speeds; this is an observation of a weak signature of a stream interaction somewhere along the LOS with a slight skew in the shape of the CCF, but the reduced S/N ratio and the problems with the automated autocorrelation function of one of the time series, especially the discrepancy between the single-site velocity and the CCF velocity, make this observation a questionable one to be able to use the results for comparison. While the case studies 5 and 7 approximate the velocities obtained via the CCF analysis, some problems can be seen in the spectrum as well; the S/N ratios are very low in all of the instruments used and the knee is not well formed. At this point, the limit of what can and can't be used in terms of velocity results has been bound by the S/N ratio value. The results revealed that the minimum S/N ratio for a SSA reliable fit is ≥13.5 dB for these instruments. Further studies using these archived data sets will let us to constrain this more rigorously.
Given that our findings are based on a limited number of events, it is difficult to define the behavior of and AR parameters of SSA. It is very likely that these values are affected by the instrumentation. A more-complete study of how these values behave, using additional data could disclose any potential way in which we can relate SSA parameters with different types of structure in solar wind plasma.
We are aware that the autocorrelation function problems could likely be improved/corrected by manually adjusting the high-pass filter to a higher value which attenuates the system noise in the spectrum as well as aids in cutting out ionospheric scintillation contributions (e.g., Fallows et al., 2016, and references therein).
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However, since one of the drivers of this paper is to look at the space weather operations element and in IPS's role in space weather operations, the automated option was used as this is how it would be if implemented in a real-time/near-real-time operational system. This study can help us to understand where the automated programs to analyze IPS data sets, either CCF or SSA, could be improved to get greater reliability. It is plausible that a further study into refining the high-pass-filter determination is needed in the future to avoid errors that appear associated with the width problem noted in the autocorrelation function.
The observations made by the MERLIN instrument in this campaign tracked one radio source for about 5 hr, on the passage of the CME on 14 May 2005. This study provides a novel way to analyze the SSA parameters over a period time, when the CME is passing over the LOS. The results in Figure 9 suggest that the SSA parameters are sensitive to changes in the interplanetary plasma induced by structures such as CMEs. The most remarkable result to emerge from the data is the AR parameter, which seems to be responsive to some internal part of the CME structure. The enclosed region of AR < 1 supports previous findings in the literature that relates these values to CME structures. Interestingly, the higher values of m-index (high density) are present between the locations of regions of high AR, that in themselves are associated with low values of m-index. Since this was only a preliminary attempt to probe the capabilities of the SSA technique, it is hardly surprising that this result can describe the signature of a CME. We believed that our method could be used to characterize signatures of structures in the interplanetary medium. Further data collection would be needed to determine exactly how the parameters behave with complex events.
In order to understand the result shown in the Figure 9 , and to know if this describes internal structure of the CME event of 13 May 2005, we are currently in the process of investigating the possible signature of the CME. We aim to use a numerical model to reproduce the CME along the IPS LOS to analyze the velocity and density profiles at the observing time. Using the numerical model we will explore the possibility of explaining the correlation of the CME and the changes in the SSA parameters. This work will be the object of a future paper.
Conclusions
The comparison of the SSA and CCF techniques allow us to know the limits and capabilities of each analysis type. Here we show some of the conditions to take into account when these two techniques are applied to get information of the solar wind. Along with the validation of the techniques to approximate solar wind velocities, we have described other parameters for complex events along the LOS. In conclusion, we find that in using the CCF analysis, the S/N ratio is not as great a determinant when obtaining the speed as in using the SSA. However, the key finding here is indeed that this S/N ratio is a determining parameter to whether the SSA can be used. For the SSA to work well, and reliably, a good S/N ratio is therefore needed; from the small set of results here with EISCAT data comparing the velocities obtained from both methods and looking where the velocities differed the most, these are in cases where the S/N ratio of one or more of the power spectra used for the CCF analysis dropped below a level of 13.5 dB. Along with the last result, and given that one of the challenges in heliophysics is to determine the internal structure of a CME, the SSA technique can be improved to study parameters that can display features of complex solar wind structures in the interplanetary medium. However, it is necessary to carry out additional observations of this type to recognize possible signatures in SSA parameters for halo CMEs, limb CMEs, or SIRs. This extra information can be complementary to ongoing efforts that are being made in continuously monitoring the corona and inner heliosphere for space weather forecasting purposes.
